In this paper, we study the diagnostics and identification of injection duration of common rail (CR) diesel pilot injectors of dual-fuel engines. In these pilot injectors, the injected volume is small and the repeatability of the injections and identification of the drifts of the injectors are important factors, which need to be taken into account in achieving good repeatability (shot-to-shot with every cylinder) and therefore a well-balanced engine and reduced overall wear. A diagnostics method based on analysis of CR pressure signal with experimental verification results is presented. Using the developed method, the relative duration of injection events can be identified. In the method, the pressure signal during the injection is first extracted after the control of each injection event. After that, the signal is normalized and filtered. Then a derivative of the filtered signal is calculated. Change in the derivative of the filtered signal larger than a predefined threshold indicates an injection event which can be detected and its relative duration can be identified. The efficacy of the proposed diagnostics method is presented with the experimental results, which show that the developed method detects drifts in injection duration and the magnitude of drift. According to the result, ≥ 10 µs change (2%, 500 µs) in injection time can be identified.
Introduction
Diesel engines are widely used due to their high reliability, high thermal efficiency, fuel availability, and low consumption. They are used to generate power, e.g. in passenger cars, ships, power plants, marine offshore platforms, and mining and construction machines. The engine is at the heart of these applications, so keeping it in good working condition is vital. Recent technical and computational advances and environmental legislation have stimulated the development of more efficient and robust techniques for the diagnostics of diesel engines. Regulations concerning exhaust-gas emissions have also influenced the development of gas engines. To maintain a high compression ratio of the compression-ignition engine for higher engine efficiency, it is necessary to use a dual-fuel system.
The diesel fuel injection of an engine plays an important role in the development of combustion in the engine cylinder. Arguably, the most influential component of the diesel engine is the fuel injection equipment; even minor faults can cause a major loss of efficiency of the combustion and an increase in engine emissions and noise [1] . In order to meet increasingly stringent emissions regulations, and to satisfy growing demands in relation to economy and engine performance, precision injection timing and exact fuel quantity dosing have become key elements over the entire operational life of the engine. These goals are seriously affected by fuel quality and the contained particles, which often lead to more or less unpredictable wear of the parts.
Diagnostics of CR system and especially the diagnostics of CR injectors have been widely studied e.g. [2] [3] [4] [5] [6] [7] [8] [9] . Krogerus et al. [10] have presented a survey of the analysis, modelling, and diagnostics of diesel fuel injection systems. In this publication, typical diesel fuel injection systems and their common faults are presented. The most relevant state of the art research articles on diagnostics techniques and measured signals describing the behaviour of the system are reviewed and the results and findings discussed. The increasing demand and effect of legislation related to diagnostics, especially on-board diagnos-tics (OBD), are discussed with reference to the future development of this field.
Estimation of injected fuel amount has been studied in [2] [3] [4] [5] . Hoffmann et al. [2] developed a model-based injection rate estimator, which takes into account the change in the injection behaviour due to wear and aging effects within the injector's nozzle. Satkoski et al. [3, 4] summarize the development of a physics-based fuel flow estimator. Available measurements of piezo stack voltage and rail-to-injector line pressure are used for dynamic state estimation. Estimator results are compared against both open-loop simulation and experimental data for a variety of profiles at different rail pressures, and show improvement, particularly, for more complex multi-pulse profiles. Bauer et al. [5] have developed a model for online estimation of fuel property parameters with the Unscented Kalman Filtering (UKF) method. The model was tested with data from a simulation model and a fuel injection system test rig that was specifically constructed for this purpose. It was found that it is possible to estimate the parameters with negligible bias and that the method is generally suitable.
Using the rail pressure signal for the diagnostics of injector events has been previously studied in [6] [7] [8] [9] . Akiyama et al. [6] investigated a method to compensate the difference between an actual amount of injected fuel and a target one. In order to compensate the difference, the influence of pressure wave on fuel amount injected is investigated and injection period will be corrected is realized in an actual engine control system. Meanwhile, pressure wave propagation in common-rail was studied. Isermann et al. [7] developed a model-based fault detection module for diesel CR injection systems. One of the simulated faults was a changed fuel volume through one of the injectors and was realized by changing the desired injection quantity. Payri et al. [8] studied injection diagnosis through diesel CR pressure measurements, where the objective was to design an algorithm for the isolation of the injection events. Marker et al. [9] studied the diagnostics of large light fuel oil (LFO) diesel engines where the main diesel injections were investigated, and the beginning and duration of injection were determined.
This research is dedicated to the diagnostics of the CR diesel pilot injectors of dual-fuel large industrial engines. The aim is to diagnose, meaning here to detect injection events and identify the relative duration of them based on analysing the pressure signal of the CR in the case of the injection duration being changed to simulate, e.g. the wear of injectors. The main difference between the proposed diagnostic method and the methods presented in literature is that the former is able to detect and identify the duration of pilot injections with high precision. The injected fuel volume of diesel pilot injectors is extremely small compared to main injections, which most publications are dealing with.
The rest of this paper is organized as follows. The next section presents the utilized CR test system. Then the diagnostics method is introduced followed by the experiments and the analysis results. Finally, the last section summarizes our conclusions and discusses future development.
Methods

Experimental setup
The CR rail test system, a commercial CR system (passenger car) presented in Figure 1 , was utilized to acquire data for studying and developing the diagnostics methods of CR systems. A second generation pilot diesel injector of a dual-fuel engine was installed in this test system. For this system, a custom-made electronic control unit (ECU) controlling the rail pressure of the CR system and the studied injector was manufactured, which made possible to freely adjust injection duration, number of injections, time between injections, control currents (boost and hold), pressure level, etc. Castrol's diesel injector calibration oil 4113 [11] was used in the CR system.
The pressures of the CR system are measured using high dynamic Kistler pressure sensors (Type: 4067 A 2000) and an accurate but lower dynamic Trafag pressure sensor (EPN CR 20 A 1600 bar). A Bosch pressure sensor (original CR system sensor) is used for controlling the rail pressure level, and it is connected to the ECU. The studied injector includes a needle lift sensor (Micro-Epsilon eddyNCDT 3010), which enables the detection of needle opening and closing events. The control current of the injector and pressure regulator were measured using LEM current transducer modules located in the ECU. The temperatures were measured from the tank using a Pt100 sensor and from the rail using a K Type thermocouple. The diagnostic method presented in this paper is based on data from the high dynamic pressure sensor (Kistler). All the measurements were collected using a National Instruments data acquisition card type PCI 6125 using LabVIEW software.
The analysed rail pressure data (Kistler) and the other rail pressure signal (Trafag), the injection current and the needle lift were sampled at 250 kHz frequency (sampling period 4 µs). The Kistler pressure sensor is suitable for collecting static and high dynamic pressures, while the Trafag pressure sensor is meant for measuring static measurements. Therefore, a Kistler sensor was utilized for analysis purposes. Due to the limitations of the used acquisition card (max. 1 MHz), injector input pressure and temperatures were not measured. Temperatures were collected manually. Original rail pressure and pressure regulator control current were used in ECU but were not recorded.
Diagnostics method
The developed diagnostics method for the detection of injection events and for identification of injection duration is based on analysed rail pressure signal and its drop after the injection event. Figure 2 presents a typical pressure drop with following oscillations due to injection and corresponding control current of an injector. Besides these, an example of six injections corresponding to approx. 720 degree crank angle (ºCA) of an engine is presented. It should be noted here that approximately 10 ms of data is collected after each injection (see Figure 2 for the lowest figure) while using the control current signal to trigger the data acquisition.
In the method, the pressure signal during the injection is first extracted after the control of each injection event. After that, the signal is normalized, offset is reset and the signal is filtered. the same moment as the control of an injector is activated. This is due to the phase of the axial piston pump not being the same in each data set because the series of injections is started manually. In real engines, this has been taken into account and offset resetting is not needed. The filtering of pressure oscillation is needed to remove the oscillation of the pressure signal as much as possible. A low pass IIR filter of 10th order with cut-off frequency of 450 Hz was utilized to attenuate the pressure oscillations. In the case of a real engine and multiple injectors, a separate cutoff frequency for each injector is needed. After filtering, a derivative of the filtered signal is calculated. Change in the derivative of the filtered signal smaller than a predefined threshold indicates an injection event and the start of injection. Similarly, after the detected start of injection, change in the derivative of the filtered signal larger than this threshold indicates the end of injection. Using the corresponding identified relative start time and end time of injection, the relative duration of injection can be calculated. The threshold is selected so that it is clearly smaller than the remaining rail pressure oscillation after the injection event and large enough to include all the injection events. The general sigma rule applied to the remaining rail pressure oscillation, i.e. multiple standard deviation added to the mean of the distribution will give practical threshold.
Results
The developed method was verified using the CR test system of Tampere University of Technology with one injector (see: Figure 1 ). In the experiments, the system was first warmed to 37 degrees ( ∘ C) by driving test cycles with high pressure while a thermostat controlled the cooling system maintaining the temperature at 37 ± 1 ∘ C. Injection times of 500 µs, 505 µs, 510 µs, 525 µs, 550 µs, 625 µs and 750 µs (the increase of 1, 2, 5, 10, 25 and 50 % in this injection time) were used to simulate a drift of injection duration. The time between injections was 16 ms (approximately 6 injections per 720 ºCA). The pressure level was 1400 bar. One hundred injections per different injection time were used, so altogether 700 injection events were analysed. The sampling frequency of the measurements was 250 kHz. This high sampling frequency is not needed, but it does need to be ≥ 10 kHz, and preferably closer to 30 kHz. Smaller sampling frequencies decrease the resolution of the identified relative duration of injection time.
In the analysis, the pressure signal during the injection is first extracted (see Figure 3a) . After that, the signal is normalized and offset is reset (see Figure 3b) . After removing the offset, the signal is filtered and a derivative of the filtered signal is calculated (see Figure 3c) . Figure 3d presents the final result which is the identified relative injection duration. In Figure 3d , the mean values of 100 injections for different injection times are presented. Here it can be noticed that a ≥ 2% change (= 10 µs) in injection time can be identified. It is possible to fit a curve to these values and calculate the real injection duration.
Discussion and conclusions
The diagnostics and identification of relative injection duration of the pilot diesel injector of a dual-fuel large industrial engine were presented in this paper. A method based on the analysis of CR rail pressure was presented with experimental results using a single injector. Injection times of 500 µs -750 µs (an increase of 1, 2, 5, 10, 25 and 50 % in the injection time) were used to simulate a drift of injection duration. The changed injection time was detected and its relative duration was calculated from the rail pressure signal. The results show that the developed method detects drifts of injection duration and identifies the magnitude of drift, which could be used for adaptive control of injection duration, i.e. adjusting the cylinder specific injection duration so that finally the injected fuel volume is the same as the original. According to the result, a ≥ 10 µs change (2%, 500 µs) in injection time can be properly identified.
Data quality issues are a challenge for the industrialization of this method, and need special attention. This refers to the robustness of the rail pressure sensor (break down, offset drifts, etc.) and the high sampling frequencies of sensor signals (> 10 kHz). In this research, the implementation of embedded solutions was not studied. Thus, the implementation of filtering algorithms for embedded solution needs further research, and furthermore additional testing and verification of this method with real engine data is still needed to fully validate the method.
